characterized because of their importance as cellular of 26.6% for 5% of the data (no sigma cutoff) between 6.0 Å and 1.35 Å resolution. The Ramachandran plot targets of clinically relevant immunosuppressants. Interestingly, the immunosuppressive property of the drug/ showed no outliers (Table 1) . isomerase complexes is unrelated to inhibition of the PPIase activity, and indeed, evidence for the biological Overall Architecture and Domain Topology importance of this enzymatic activity is limited. In this Pin1 consists of two structural domains organized regard, the requirement for Pin1/Ess1 PPIase activity around a hydrophobic cavity. The N-terminal WW do- (Lu et al., 1996) during cell cycle progression provides main, residues 1-39, consists of a triple-stranded antian excellent opportunity to study the biological mechaparallel ␤ sheet. An approximate 90Њ twist in the lower nism of PPIase activity. We now report the X-ray crystal portion of the ␤ sheet relative to the upper portion and structure of human Pin1 complexed with an AlaPro dia downward bend in the upper half of the WW domain peptide at 1.35 Å resolution, and an initial characterizaform a deep hydrophobic concave surface that comtion of its functional properties. This structure suggests prises one wall of the hydrophobic cavity ( Figure 1A ). a novel mechanism of peptidyl-prolyl bond isomeriza-
The hydrophobic wall of the WW domain sequesters tion and a unique selectivity for the residue on the a PEG molecule, with the Tyr-23/Trp-34 aromatic pair N-terminal side of the proline, findings that have imporclamping down upon the PEG molecule while Ser-16 tant implications for cell cycle regulation.
and Ser-32 extend this clamp in either direction ( Figure  1B ). Spatially, this PEG molecule forms a continuous path through the interdomain cavity exiting out of a Results narrow opening on the backside of Pin1. The C-terminal PPIase domain, residues 45-163, Crystallization and Structure Determination Human Pin1 was expressed as an N-terminal histidineforms the opposing wall of the interdomain cavity. In particular, a scaffolding alpha helix, ␣1, contributes a tagged fusion protein in E. coli, purified by Ni 2ϩ chelation and size exclusion chromatography, crystallized, and total of 9 residues to this wall and creates a 23 Å deep internal surface opposite the WW domain's hydrophobic its structure solved as described in Experimental Procedures. The final model contained 208 water molecules, pocket ( Figure 1B) . Notably, this helical insertion into the core PPIase fold is found only in the PPIase domains one sulfate ion, one AlaPro dipeptide (cis configuration), and two PEG400 molecules and yielded a free R factor of Pin1, Ess1, and Dodo that possess N-terminal WW Խ are observed amplitudes for the protein and heavy-atom derivatives respectively, and u c is the experimental phase. d Figure of merit ϭ ͐ P(u)exp(iu)du/͐P(u)du, where P is the probability distribution of u, the phase angle. e R factor ϭ ⌺h(ԽFo(h) Ϫ Fc(h)Խ)/⌺hFo(h), where Fo(h) and Fc(h) are the observed and calculated structure factor amplitudes for reflection h, respectively. The Free R factor is calculated in an analogous manner for 5% of the data that has never been used for refinement. The R factor is calculated with the remaining 95% of the measured data. Both values are calculated with no sigma cutoff. (A) Ribbon representation of Pin1. Residues 1-6 and 40-44 are not visible in electron density maps and are disordered. Apostrophes distinguish the WW domain secondary structural elements from the PPIase domain's secondary structural features. Atoms are color coded for clarity (oxygen is red, nitrogen is blue, carbon is black, and sulfur is yellow). The HPO 4 2Ϫ label reflects the possible substitution of sulfate by phosphate in phosphate-soaked crystals. Produced with MOLSCRIPT (Kraulis, 1991) and Raster3D (Bacon and Anderson, 1988) . (B) Ribbon and molecular surface representation of the Pin1 interdomain cavity. View is the same as in (A). The WW domain is orange and the PPIase domain is light blue. The dotted surface depicts the solvent-accessible surface for residues lining the interdomain cavity. The cavity presents a largely hydrophobic composite surface as indicated by the predominance of carbon atoms lining the cavity. Produced with RIBBONS (Carson and Bugg, 1986). domains (see Figure 4) . The conservation of this structhe peptide bond that undergoes cis/trans isomerization. Also, a triad of basic side chains consisting of Lystural element on the surface of the Pin1 PPIase's interdomain cavity suggests that ␣1 plays a functional role in the 63, Arg-68, and Arg-69 cluster in the lower portion of the active site and sequester a crystallographically well Pin1 subfamily of dual domain PPIases as one element in a composite protein-protein interface. Residues in the ordered sulfate ion (middle panels, Figures 3A and 3B ). The spatial proximity of this tripartite basic cluster in ␤2Ј/␤3Ј loop (WW domain), ␤3Ј (WW domain), ␣1 (PPIase), ␣4 (PPIase), and the middle portion of ␤3 (PPIase) the active site to the bound dipeptide suggests that this anionic recognition site confers preferential binding to constitute the highly ordered interaction surface linking the WW and PPIase domains.
substrates with an acidic residue N-terminal to the proline. The overall fold of the Pin1 WW domain is similar to the reported NMR solution structure of the isolated Despite the lack of primary sequence similarity with the other two structural classes of PPIase (FKBP-like YAP65 WW domain (Macias et al., 1996) (Figures 2A  and 2B ). The YAP65 WW domain binds to proline-rich and cyclophilin-like), the core ␤ sheet and the ␣4 helix of the Pin1 PPIase domain fold in a similar fashion to peptides with a consensus sequence, PPxY, in vitro (Sudol et al., 1995; Staub and Rotin, 1996) and competes FKBP ( Figure 3A ). However, we find that active site residues of Pin1 and FKBP diverge significantly, suggesting with the formin-binding protein SH3 domains for ligand binding (Chan et al., 1996; Sudol, 1996b) . The YAP65 at least partial differences in the catalytic mechanism ( Figures 3B and 4) . WW domain structure complexed with a peptide containing the PPxY motif contacts the terminal peptide tyrosine (Tyr7Ј) via and of the An Analysis of Pin1 Surface Properties In addition to the hydrophobic clusters within the PPIase WW domain (see lower panel, Figure 2A ). The limited contact surface provides little insight into the mechadomain's active site and the interdomain cavity, a group of four conserved and surface-exposed residues define nisms underlying polyproline specificity. and of the YAP65 WW domain are structura third solvent-accessible hydrophobic patch on Pin1.
On the backside of the PPIase domain, Ile-96, Phe-103, ally equivalent to Phe-25 and His-27, respectively, of the Pin1 WW domain. A possibility is that, like in Pin1, Met-146, and Leu-160 delineate a shallow hydrophobic cleft that sequesters a second PEG400 molecule other WW domains contribute one structural component to a composite protein interaction surface. Substrate ( Figure 5A ). Given that solvent-exposed hydrophobic patches are generally energetically disfavored in prospecificity may depend on the summed contributions of all the participating structural elements.
teins and are often maintained due to functional necessity, these hydrophobic clusters are likely relevant for The central scaffolding of the C-terminal PPIase domain consists of a four-stranded anti-parallel ␤ sheet.
Pin1 function. Clusters of hydrophobic residues are predicted strucIn addition, four alpha helices surround the flattened half ␤ barrel. A set of absolutely conserved catalytic tural features of protein-protein interaction surfaces (Janin and Chothia, 1990; Clackson and Wells, 1995) , residues in the Pin1/Ess1 class of PPIase project outward from the barrel structure and define the binding and indeed, a comprehensive analysis of many such interfaces shows that they are highly correlated with the pocket for the proline (Leu-122, Met-130, Phe-134) and (Macias et al., 1996) . The offset of the structures facilitates viewing. A least squares alignment of the backbone atoms for 34 homologous residues resulted in an rmsd of 2.27 Å . The residues depicted correspond to residues originally illustrated by Macias et al. (1996) . The numbering scheme for YAP65 refers to the human sequence (accession number P46937). The numbers in parentheses correspond to the alternative numbering scheme of Macias et al. (1996) . The atoms shown are color coded for clarity as in Figure 1 , except that carbon is now light gray. Produced with the conic option of MIDAS (Ferrin et al., 1988) . (B) Sequence alignment of five representative WW domains. The top and bottom lines illustrate the structural elements observed in Pin1 and YAP65 (Macias et al., 1996) , respectively. The top and bottom numbering schemes refer to Pin1 and YAP65, respectively. The numbers in parentheses correspond to the first residue on each line for each of the five WW domains. Gray boxes with white letters delineate residues in direct contact with PEG400 in the case of Pin1. Black boxes with white letters define residues serving as structural links between the WW domain and the PPIase domain of Pin1. Black letters in gray boxes highlight residues that contribute to the WW domain fold. ([h] al., 1994 ). An inference from these data is that the distribution of hydrophobicity on the solvent-accessible surmeeting the expected criteria for protein association domains. Finally, a path of conserved hydrophobicity face of a protein should reveal potential protein interaction sites, particularly when weighted by conservation can be traced on the Pin1 molecular surface that links the three surface patches into a continuous hydrophobic among functionally related but evolutionarily distant homologs. To apply these principles to Pin1, we calculated surface connecting the highly conserved residues of the WW domain with the PPIase domain active site via the a parameter ␣ for each residue of Pin1 that measures the degree of functionally conserved, surface-exposed second PEG binding site along the back of the PPIase domain ␤ barrel. This analysis suggests that the Pin1 hydrophobicity. The analysis of the distribution of ␣ over the Pin1 molecular surface ( Figure 5B ) exhibits three active site interacts with substrates using an extended recognition surface that includes the WW domain, a important features. First, the majority of the surface is expectedly low scoring (75% of residues with ␣ Ͻ 0.05),
proposal testable through mutagenesis of these highscoring surface residues, and through structural studies consistent with the prediction that high ␣ scores are generally disfavored. Second, the three hydrophobic of substrate complexes. (Jones et al., 1991) . Pin1 and cyclophilin (CyPA) were aligned by superimposing the backbone atoms of the cis AlaPro dipeptides. Active site residues are shown and color coded for clarity. The white line serves as a visual clue for the aligned active sites.
(B) Active site views. A portion of FK506 bound to FKBP, and the AlaPro dipeptides bound to Pin1 and CyPA are shown. The psi () rotation for the alanine in the dipeptide bound to Pin1 relative to the same alanine in the dipeptide bound to CyPA likely occurs to avoid a steric clash between the ␤-methyl group of alanine and the bound sulfate anion. In Pin1, dashed gray lines emphasize the relationship of Cys-113 and His-59 to the peptide bond of the AlaPro peptide. Both panels were produced with the conic option of MIDAS (Ferrin et al., 1988) .
Relationship to Other PPIases covalently tethers the PPIase domain to the N-terminal WW domain through a glycine-rich linker. Indeed, Pin1's FKBPs and cyclophilins belong to distinct structural classes of PPIases. Despite the global similarity of the ␤3 strand contributes 3 of its 10 residues to the PPIase domain's interdomain interaction surface with the WW Pin1 core PPIase domain (defined in Pin1 by the secondary structural elements, ␤1, ␤2, ␤3, ␤4, and ␣4) to the domain. A second structural deviation occurs between residues 64 and 119 of Pin1, which form the polypeptide FKBP-like class of PPIase ( Figure 3A , root mean square derivation [rmsd] in homologous backbone atoms of segment linking ␤1 to ␤2. This segment includes the ␤1/ ␣1 loop, ␣1, the ␣1/␣2 loop, ␣2, the ␣2/␣3 loop, and 4.57 Å ), significant structural differences exist between these two PPIase families that are likely to have impor-␣3. In FKBP, the corresponding region is considerably shorter, spanning a total of 12 residues that form an tant functional consequences for active site specificity and rotamase activity.
additional ␤ strand. This large structural inclusion unique to the Pin1 subfamily of this PPIase class contributes In human FKBP, the N-terminal segment forms a ␤ strand that pairs with a strand analogous to ␤3 in Pin1, four structural motifs to the C-terminal PPIase domain that are likely to have functional roles: (1) the ␣1 helix that extending the core ␤ barrel by one strand. In contrast, the N-terminal portion of the Pin1 PPIase domain (resiprovides much of the composite hydrophobic surface shared with the WW domain, (2) residues from the ␣1/ dues 45-53) extends over the top of the domain and ure 6C), indicating that the multivalent anion binding site is necessary for catalytic activity. Synthetic tetrapeptide (4) an active site cysteine (Cys-113) that we propose is crucial for efficient catalysis in Pin1. Below, we use these substrates containing P.Ser (or P.Thr) in the i-1 position will be needed to test the selectivity of Pin1 for phosstructural observations as the basis for functional studies of Pin1 substrate specificity and catalytic mechphorylated substrates. This Pin1 substrate specificity mechanism also proanism.
vides a structural explanation for the substrate specificities of FKBP and cyclophilin at the i-1 position relative Substrate Specificity The N-terminal half of the large ␤1/␣1 loop organizes a to proline (Harrison and Stein, 1990b) . In FKBP, the replacement of hydrophobic residues (Ile-90, Ile-91, Phebasic cluster consisting of Lys-63, Arg-68, and Arg-69 at the entrance to the Pin1 PPIase domain's active site 36, Figure 3B ) at the spatially analogous positions of the basic cluster in Pin1 can explain its preference for ( Figure 3B ). The conserved triad sequesters a sulfate ion in close proximity to the ␤ methyl group of the alanine hydrophobic residues N-terminal to proline in peptide substrates. Interestingly, though Ile-90 and Ile-91 in residue in the bound AlaPro dipeptide. The basic patch, its associated counterion, and the nearby AlaPro di-FKBP superimpose on Pin1's basic patch in the threedimensional structure, these residues arise from differpeptide immediately suggested that Pin1 possesses a strong preference for acidic side chains in the residue ent primary sequence positions. This finding is consistent with the conservation of this structural motif as a N-terminal to proline in substrates. Indeed, a glutamate or a phosphoserine (P.Ser) or P.Thr side chain modeled selectivity filter for side chains at the i-1 position. In addition, cyclophilin's lack of any specificity at this posion the Ala of the AlaPro dipeptide superimposes its respective anionic group, carboxylate or phosphate, on tion when acting upon tetrapeptide substrates is consistent with the absence of any analogous structural motif the bound sulfate ion in the complex crystal structure ( Figure 6A ). In vitro PPIase assays using a series of for substrate selection in this subfamily of PPIases (Figure 3B ). Note that this discussion of substrate selectivity tetrapeptide substrates of the form succinyl-AlaXaa i-1 Pro i Phe-(p)-nitroanilide, where Xaa varies, confirm this at the i-1 position focuses entirely on catalytic efficiency (measured as k cat /K m ) against substrate peptides, and hypothesis ( Figure 6B) . The greater than 100-fold preference for Glu at the i-1 position over Gln illustrates the not for the overall binding energy (K d ) against natural protein targets. For example, the interaction of human specificity displayed by Pin1.
The presence of a net ϩ3 charge around the sulfate cyclophilin A with the HIV-1 capsid protein shows significant binding specificity for the trans conformation of ion argues for multiple compensatory negative charges on substrates when the Pin1 active site is engaged with GlyPro at the active site due to energetically favorable interactions made with amino acids lying both N-and biologically relevant targets. In light of the multivalent nature of the bound sulfate ion, we propose that Pin1 will C-terminal to these residues (Gamble et al., 1996) . preferentially catalyze isomerization of peptide bonds involving a minimal segment consisting of a P.Ser or P.Thr residue N-terminal to proline. This -SP-or -TPReaction Mechanism A hydrophobic pocket composed of the residues Phemotif is particularly relevant for cell cycle control since the known specificity of the CDKs, including CDC2, is 134, Met-130, and Leu-122 forms the binding site for the cyclic side chain of the substrate proline, and the for -SP-or -TP-in a variety of CDK targets. Titration of peptidyl-prolyl bond undergoing catalyzed isomerization is surrounded by side chains of residues Cys-113, His-59, His-157, and Ser-154 ( Figure 3B ). These latter residues are symmetrically distributed around the bond rotation axis and, as described below, are placed to make conformation-specific interactions with the substrate during isomerization. Finally, as discussed above, the basic residues Lys-63, Arg-68, and Arg-69 are sequestered in a cluster near the i-1 substrate residue and mediate catalytic selectivity for the side chain N-terminal to the proline ( Figures 3B and 6B) .
Rotation around peptide bonds is energetically disfavored due to their partial double-bond character; this is due to delocalization of the lone-pair electrons of the amide nitrogen in the ground state that results in a polar resonance species with planar geometry. This property results in a ‫22ف‬ kcal/mol energy barrier to rotation, and restrains the peptide bond in either cis ( ϭ 0Њ) or trans ( ϭ 180Њ) configurations. Catalysis of bond rotation involves mechanisms that stabilize the relatively nonpolar transition state near the Syn-90 configuration ( ϭ 90Њ) relative to the cis or trans ground states. Proposed mechanisms for this process in PPIases fall into three general classes: (1) the selective use of binding energy to stabilize the twisted, high-energy transition state and/ or to destabilize the ground states (Harrison and Stein, 1990a; Fischer et al., 1993; Park et al., 1992) , (2) the transfer of the isomerized peptide bond into a nonpolar environment through desolvation and hydrophobic interaction at the active site (Stein, 1993) , and (3) the formation and stabilization of a tetrahedral geometry at the carbonyl carbon through formation of a covalent bond between enzyme and substrate (Fischer et al., 1989) . Functional studies of cyclophilin-and FKBPmediated prolyl isomerization show that only the first two proposed mechanisms contribute to the catalytic power of these enzymes (Park et al., 1992; Fischer et al., 1993) .
Structural features of the Pin1 active site argue for all of these mechanisms during Pin1-mediated peptide bond isomerization. Modeling the rotation of a P.Serproline peptide bond built on the observed AlaPro dipeptide in the Pin1 active site demonstrates that the optimal geometry for interaction of the substrate i-1 anionic side chain with the Pin1 basic cluster is achieved with the Syn-90 conformation ( Figure 6A) . Interestingly, the crystallographically observed sulfate ion approaches within bonding distance of the ␤ carbon of the i-1 side chain during rotation, a finding that strongly suggests obligatory interaction of substrate with the basic cluster during bond rotation. This is fully consistent with the hydrophobicity. ␣ values range from 0 (white) to 1 (red), where the a color-coded representation of the distribution of a calculated pahighest values are scored by identical, fully exposed hydrophobic rameter ␣ that describes the degree of conserved, solvent-exposed residues. Produced with CCP4 and GRASP . Figure 6 . Substrate Specificity of the Pin1 PPIase (A) Model for a phosphoserine-proline dipeptide bound to Pin1's active site. Atoms have been color coded for clarity. The P.Ser has been modeled on the original alanine in an extended low energy conformation with the N terminus pointing out of the active site. Rotations from cis through syn-90 to trans are counterclockwise when looking down the C i-1-Ni peptide bond. This rotation avoids passing the N terminus of the peptide through the Pin1 active site. The Syn-90 conformation results in maximal overlap of the extended P.Ser side chain with the bound sulfate. Steric clashes of the P.Ser side chain with the Pin1 active site in the cis or trans conformations would necessitate an active site rearrangement, and/or a transition of the P.Ser side chain to a higher energy conformation. Produced with the conic option of MIDAS (Ferrin et al., 1988) . (B) A summary of chymotrypsin-coupled chromophoric PPIase assays using substrate peptides of the form succinyl-AlaXaa i-1ProiPhe-(p)-nitroanilide, where Xaa is Ala, Gly, His, Gln, or Glu. k cat/Km is plotted for each substrate, showing a greater than 100-fold preference for Glu over Gln at the i-1 position. k cat/Km for all other residues tested are within 2-fold of that for Gln, with the exception of Gly, which shows no rate enhancement at any enzyme concentration tested. chains. In concordance, Pin1 activity titrates down in the proposed scheme involves partial bond rotation by the favorable energetic forces described above (step the pH range 7.5-9.5 with suc-AEPF-pNA substrate, but not with suc-AAPF-pNA substrate (see Figure 7B , inset).
1, substrate shown in cis configuration). Coupled with the abstraction of a proton from Cys-113 by the deproSince titration in this pH range is an expected consequence of deprotonation of a lysine near other basic tonated imidazole nitrogen of His-59, nucleophilic attack on the carbonyl carbon of the substrate peptide bond residues (Creighton, 1993) , this result provides additional support for interaction of substrate with the acby the newly formed thiolate side chain takes place (step 2). This reaction leads to the establishment of a covalent tive-site basic cluster.
The spatial arrangement of Cys-113, His-59, His-157, tetrahedral intermediate between substrate and enzyme (step 3). The resulting negative charge on the former and Ser-154 relative to the isomerized peptide bond suggests a covalent catalytic mechanism unique to the carbonyl oxygen is then stabilized through electrostatic interactions with a protonated His-157 (step 3). This Pin1 class of PPIase ( Figure 7A ). The initial step in high-energy intermediate relaxes back to either cis or trans ground states of the peptide bond (steps 1 or 4).
This reaction scheme involving a covalent intermediate implies two important properties. First, the catalytic process should require deprotonation of His-59 and should prefer the protonation of His-157, suggesting that unlike other classes of PPIase (Harrison and Stein, 1990a; Park et al., 1992) , Pin1 activity should exhibit significant pH sensitivity. Indeed, Pin1 demonstrates a bell-shaped dependence on proton concentration, with activity increasing from zero to maximal with an apparent pKa of 5.6, and activity decreasing significantly with an apparent pKa of 7.5 ( Figure 7B ). The calculated pKas are well within the range expected for neighboring histidines in a protein environment (Creighton, 1993) . Secondly, mutations at Cys-113 would be expected to decrease the catalytic activity of Pin1 by at least the fraction contributed by the covalent catalytic mechanism. Mutation of Cys-113 to Ala or Ser in Pin1 resulted in a 123-fold or 20-fold decrease in k cat /K m , respectively. Finally, as reported previously, the Pin1 triple mutant, G155A-H157A-I159A, failed to complement the ess1 Ϫ mutation in vivo and lacked detectable PPIase activity against succinyl-AlaAlaProPhe-(p)-nitroanilide in vitro supporting a role for His-157 in the catalytic mechanism (Lu et al., 1996) .
Together, these data support a model in which catalysis of bond rotation at the Pin1 active site progresses through the summed energetic contributions of distinct structural units. The contributions made by the overall hydrophobicity of the active site and the selective binding of conformationally strained substrate through interaction with the substrate selectivity filter are fully consistent with the overall fold similarity with FKBP and the conservation of the analogous structural motifs. In contrast to other PPIase structural classes, Pin1 appears to encode the additional property of covalent catalysis.
Discussion
The proposed roles for PPIases involve the catalysis of protein folding or the trafficking of newly assembled proteins (Schmid, 1995) . The original finding that the in vitro folding of ribonuclease A involves a mixture of slow ing has been limited. Indirect evidence indicates that prevents rotation of Cys-113's side chain into the active site cavity the formation of the collagen triple helix is limited by (step 1) . Upon initial rotation of the peptide bond, Cys-113 moves into the active site and the substrate shifts to within bonding disprolyl isomerizations and is facilitated by a cyclophilintance of the thiolate nucleophile (Step 2). Produced with MOLfamily PPIase (Steinmann et al., 1991) . The mitochon- SCRIPT (Kraulis, 1991) and Raster3D (Bacon and Anderson, 1988). drial cyclophilins from S. cerevisiae and N. crassa cata-(B) Plot of kcat/Km for Pin1 for its preferred substrate, suc-AEPFlyze the refolding of proteins following mitochondrial pNA, as a function of pH. pH was adjusted to the indicated values import (Matouschek et al., 1995; Rassow et al., 1995) . Baker et al., 1994) and may be involved in directing rhodopsin from the endoplasmic reticulum to the senhigh-affinity interactions with its targets possibly medisory organelle known as the rhabdomere.
ated through covalent interaction with Cys-113. While In addition to their activities on denatured or immature the C113A and C113S mutants possess measurable proteins, PPIases may also regulate fully folded proPPIase activity on synthetic tetrapeptides, they would teins, for instance by accelerating peptidyl-prolyl bond clearly lack the ability to form covalent complexes. The isomerization. Resulting structural changes could affect study of the cell cycle phenotype of the Cys-113 mutants the activity of target proteins. One mode by which a should clarify the biological role of this residue in mediatPPIase could regulate signaling protein activity is by ing target interaction. The use of covalent interactions to accelerating the isomerization of surface prolines that stabilize an otherwise highly transient structural species are important components of intermolecular interaction with a partially twisted peptide bond might provide a surfaces. If a kinetic barrier between cis-trans XaaPro highly efficient molecular switch, particularly if regulated conformers that differ in biological activity exists, or if by CDK phosphorylation. Structural studies of Pin1 comone of the structural conformers is unstable, then PPIase plexes with native substrates and systematic mutageneactivity could effect a dramatic change in target protein sis of Pin1 residues implicated in catalysis and substrate activity. In addition, the possibility that the Pin1 PPIase recognition should help resolve the mechanism of Pin1-domain preferentially recognizes a minimal segment dependent cell cycle regulation. consisting of a P.Ser (or P.Thr) N-terminal to proline would functionally link CDK activity and Pin1-catalyzed
Experimental Procedures
peptide bond isomerization, with CDK phosphorylation of Ser or Thr in the S/T-P segment of CDK targets pro-
Expression and Purification of Pin1
N-terminally His 6 -tagged Pin1 (Lu et al., 1996) was expressed at moting Pin1 interaction with CDK target proteins. In-22ЊC in E. coli strain BL21(DE3) following induction at an optical deed, preliminary evidence shows that Pin1 specifically density of 1.2 (600 nM) with 0.4 mM IPTG for 4 hr in terrific broth.
binds a subset of mitotic phosphoproteins in a phosCells were resuspended in 25 mM Tris-HCl (pH 8.0), 500 mM NaCl, phorylation-dependent manner (M. Shen and K. P. L., Synchrotron Radiation Laboratory, beamline 7-1 ( ϭ 1.08 Å ) on Bilwes, and the staff of the Stanford Synchrotron Radiation Laboratory for assistance at beamline 7-1. The work performed was supa MAR imaging plate system. Data were processed with DENZO (Otwinowski, 1993) and scaled with SCALEPACK (Otwinowski, ported by the NIH and DOE (SSRL) and in part by funds from the Lucille P. Markey Charitable Trust (J. P. N.) and USPHS grant 1993). A single mercury binding site for the TAMM derivative was located on the isomorphous difference Patterson map and refined CA54418 (J. P. N.). R. R. was a Burroughs-Wellcome Fund Fellow of the Life Sciences Research Foundation. K. P. L. was a Leukemia with ML-PHARE (Otwinowski, 1991) . Subsequently, five platinum sites for the PIP derivative were located on difference Fourier maps Society of America Fellow, and T. H. is an American Cancer Society Research Professor. Correspondence and requests for materials using the TAMM-derived phases and corefined with the TAMM data in ML-PHARE. Solvent flattening, histogram matching, and Sayre's should be addressed to J. P. N. Until deposition in the Brookhaven Protein Data Bank, coordinates can be obtained from the following equation were employed to improve and extend phases to 2.05 Å resolution using DM (Cowtan, 1994) . Model building was conducted e-mail address: Noel@sbl.salk.edu. with O (Jones et al., 1991) , and the structures were refined with X-PLOR (Brunger, 1992) . The initial native model (Nat I, residues Received March 20, 1997; revised May 6, 1997. 6-39, 45-163) was refined following partial solvent modeling (60 water molecules added) using all the data (no sigma cutoff) between
